Abstract -Oxalic acid dehydrate (OA) in the application form of trickling (3.5% solution) has shown a good bee tolerance. However, negative long-term effects of the treatment on honeybees are expected. The sublethal effects of OA on division of labour, activity, olfactory learning and the longevity of Apis mellifera were studied. Newly emerged workers were treated with 3.5% OA solution by topical application (dosage 175 μg/bee) and introduced into a colony. Behavioural observations were carried out and the longevity of every worker was recorded. To investigate the learning behaviour, foragers were trained in a classical olfactory conditioning paradigm, the olfactory conditioning of the proboscis extension response. These experiments revealed sublethal effects of OA on Apis mellifera. The treatment caused a significant decrease in worker activity, nursing behaviour and longevity. Treated bees also showed significantly more self-grooming and a higher response in the olfactory conditioning than bees of the control group.
INTRODUCTION
Oxalic acid is the active ingredient of approved drugs used for the treatment of Apis mellifera L. against the parasitic mite Varroa destructor. Concerning acute toxicity, the substance is well-tolerated by the bees (Rademacher and Harz 2006) . So far, there are only few studies investigating sublethal effects of acaricides on honeybees. Negative effects on brood development 3-4 months after the last application of oxalic acid were described by Higes et al. (1999) . Moosbeckhofer (2001) also assumed long-term effects of the treatment due to a reduced fitness of treated colonies, although they had no increased mortality.
Pesticide studies revealed how sublethal dosages of an ingredient can affect honeybees. This includes changes in the division of labour, a reduced level of hive-cleaning and increased selfgrooming (Thompson 2003) . In some studies, the treatment with pesticides led to an increased motor activity and impaired long-term retention of olfactory learning (Weick and Thron 2002; Abramson et al. 2004; Decourtye et al. 2004; El Hassani et al. 2008; Desneux et al. 2007; Aliouane et al. 2009 ). Pesticide treated worker bees also had a reduced longevity (Desneux et al. 2007) . The effect of acaricides on worker lifespan is so far only investigated for Apistan® and formic acid only: no differences in lifespan between the treated and untreated bees were found (Birnie 1997) . Effects of oxalic acid on the longevity of honeybees are not yet described.
In this study, sublethal effects of the treatment with oxalic acid on behaviour and lon-gevity of Apis mellifera were investigated and the following questions answered:
1. Does OA have an effect on the age-related appearance or the intensity of the in-hive behaviour of worker bees?
2. Are there differences in the learning performance during olfactory condition between treated and untreated bees? 3. Will there be an influence on longevity after the treatment?
MATERIAL AND METHODS

Recruitment and treatment of young bees
To recruit test animals at the same age, a brood frame was removed from a hive 1 day before the workers hatched and kept in an incubator (Memmert INB 400, Schwabach, Germany) at 30.5°C and 65% RH. After 24 h, 300 newly emerged workers were marked with different colours and numbers and treated individually with a solution of 3.5% oxalic acid dehydrate (OA; 0.035 g oxalic acid dehydrate in 1 ml Aqua dest). A drop of 5 μL was applied to the ventral side of the abdomen with an air displacement pipette (Roth, Karlsruhe, Germany) . This corresponds to 175 μg OA/bee, the average dosage a single bee would receive at colony treatment according to the approval for OA in Germany. The control group received water instead. A few hours later, when the applied acid had dried, the young workers were introduced to an outdoor observation hive with two vertical frames, a population of approximately 2,000 bees and a mated queen. Sealed and open brood as well as honey and pollen were always present during the observation period. After the observation period of 19 days, it was necessary to replace one brood frame to avoid overcrowding.
In-hive behaviour observation
The test and control groups consisted of 150 individually treated bees each, so that a total of 300 bees were introduced into the observation hive. The monitoring of behaviour started when bees were 1 day old and ended after 19 days. Only the data of bees which were alive on this day were analysed (138 in test and 144 in control groups).
The animals were observed every day between 9 and 12 o'clock by the "point and scan sampling" method (Altmann 1984) . Bees were chosen randomly from the group of marked bees at the beginning of the observation period. They were monitored one after another and their first shown behavioural patterns were recorded. If a bee was standing or walking, it was watched for a total of 10 s to be sure that it was not involved in another task. The number of behavioural events per day generally consisted of the activity from several bees. Behavioural patterns were categorized after Crailsheim et al. (1996) and Pfeiffer and Crailsheim (1999) .
The following patterns could be clearly identified and their data allowed a statistical evaluation and verification: self-grooming, inactivity, nursing, trophallactic interactions, house-cleaning, honey manipulation, patrolling.
Following patterns were just recorded in context of activity: wax manipulation, nibbling on broodcaps, aggressive behaviour, visiting empty cell, visiting pollen-and honeycells, interactions with queen and other activities included various behaviours such as flight and dancing.
Longevity
The lifespan of all bees of the test and control groups was recorded. The moment of death was defined as the day the bee was found dead in or outside the hive. Data acquisition started the first day of behavioural observations and ended when every focal bee was considered dead. Because of outside conditions, many bees disappeared during the observation time without being found dead, so their time of death was defined as 1 day after the last day the animal was detected for the last time during data acquisition.
Olfactory conditioning
The olfactory learning of the honeybee can be studied under controlled laboratory conditions by using olfactory Pavlovian conditioning of the proboscis extension response (PER; Bittermann et al. 1983; Menzel 1999) . Conditioning was carried out as described in Felsenberg et al. (2011) .
Sublethal effects of oxalic acid on Apis mellifera
In the morning, returning foragers of uncontrolled age carrying pollen were caught in front of a hive and treated individually with 3.5% OA (test group) or water (control group). Six groups of test and control bees, each group containing 20 animals were prepared for the conditioning. The bees were immobilized by cooling and harnessed in metal tubes with a strip of tape between the head and the thorax. In the afternoon, all bees were fed to satiation to ensure an equal motivation. They were kept overnight in darkness in a container.
A classical olfactory conditioning trial consisted of a temporal pairing of a clove oil odour (5-s presentation) as conditioned stimulus and the successive presentation of sucrose (1.25 M) to the antennae and the proboscis (4-s presentation) as unconditioned stimulus. The presentation of the conditioned and unconditioned stimulus overlapped for 2 s. The animals received three conditioning trials with an intertrial interval of 10 min. In the retention test, the conditioned stimulus was presented alone for 5 s, and the animals responding with a PER were noted and calculated for each group. All animals were fed to satiation 1 h after each retrieval test and also every afternoon with 0.88 M of sucrose solution. After the experiments, every animal was tested for its response to sucrose solution to assure its ability of proboscis extension.
Data analysis
To compare the behavioural patterns of the test and control bees over the period of 19 days, the paired absolute data of the test and control groups were analysed with the Wilcoxon's signed-rank test. Therefore, the data were approximated by randomisation for each day so that the number of bees was equal in both groups. Every data of age-related behaviour was checked for normal distribution (SigmaStat ® 3.0) then analysed with the general method of moments (GMMs). The curve progressions of the age-related behaviour from the two groups were only compared for normal distributed data using a rate and proportion analysis (SigmaStat ® 3.0). The longevity analysis was accomplished with a Kaplan-Meier survival analysis, where the survival curves of the groups were tested for significant differences with the Gehan-Breslow test (SigmaStat ® 3.0).
For statistical analysis of the olfactory conditioning, a two-way repeated measurement ANOVA (SigmaStat ® 3.0) was used. When the p values were significant, a pairwise comparison between all groups was performed with Fisher LSD Method (SigmaStat ® 3.0). The numbers of bees showing a conditioned PER in the retention test were compared with the chisquared test between groups (Microsoft ® Excel 2002). For all tests, a level of significance of P≤ 0.05 was defined.
RESULTS
In-hive behaviour observation
During the observations of the behaviour, all age-related behavioural patterns of the workers appeared in the natural chronology: bees of both groups started showing first events of behavioural patterns for nursing, honey or pollen manipulation, wax manipulation and patrolling at the same time but in different intensity. The bees started showing all age-related behavioural patterns somewhat earlier. Of the age-related data, only honey or pollen manipulation had normal distribution. Analysis with GMM showed a similarly slight positive skewness of S=0.12 for test and S=0.17 for control bees. With the rate and proportion analysis, no differences of curve progression of both groups could be detected.
However, treated bees showed an increased self-grooming, a superior tendency to inactivity and decreased nursing behaviour (Figure 1) . These results could be statistically verified with a p value of P≤0.005 (Wilcoxon, one-tailed). For all other behavioural patterns including trophallactic interactions, house-cleaning, honey manipulation and patrolling, there were no significant differences between the test and the control groups. During the observation of the in-hive behaviour, precipitate foraging was not observed in both groups except for one test and two control bees, when bees were ten, respectively 11 days old.
Due to the increased self-grooming of the treated workers, which often wiped off their abdomen with their hind legs, five freshly emerged bees were treated with OA and checked for residues of the acid under the binocular after 24 h. Crystals were found on the abdomen and in higher amounts on the metatarsi of the hind legs (Figure 2 ). Equal residues were not detected on the control bees, so it is highly expected that these crystals on the treated bees are residues of OA.
Longevity
During the time of the experiment, the number of test bees decreased more rapidly than the controls. Between the average (12.98±7.06 for test and 16.08±6.49 for control bees) and median (13 for test and 16 for control bees) of the survival data of both groups was a difference of 3 days. The survival curve of the test bees shows a more rapid decrease ( Figure 3 ) with a significant difference to the control group at the level of P≤0.001 (Gehan-Breslow test). These results suggest that the treatment with OA led to a reduced lifespan.
Olfactory conditioning
The treatment with OA caused an increase of animals' performance during learning. This effect could be already recognized during the second trial of acquisition (A2), where the amount of test bees extending the proboscis was almost 20% higher than in the controls (Figure 4 ). For the aquisition phase, there were significant differences both between the acquisition trials (A1-A3) (ANOVA, P≤0.001, F= 40.912, DF=167) and between the test and control groups (ANOVA, P≤0.005, F=8.367, DF=167). The highest percentage of test bees extending the proboscis in the test group compared to the control group could be statis- Sublethal effects of oxalic acid on Apis mellifera tically confirmed for the second and third trial (Fisher LSD post hoc test, P≤0.005).
Testing memory retention 24 h after learning demonstrated a significant difference between the test and the control group as revealed by a chi-squared test (χ 2 =3.85, P≤ 0.05, DF=1): retention performance was significantly higher in the test group than in the controls (Figure 4 ).
DISCUSSION
Treatment with a 3.5% solution of oxalic acid dehydrate (OA), corresponding to the dosage of 175 μg/bee, causes sublethal effects on A. mellifera. The decreased activity and nursing as well as the reduced lifespan of treated bees are aspects for a permanent damage due to the treatment with OA. A decreased activity was also noticed in other studies where bees were numb for several hours (24-48 h) post application of 50 mL 4.2% oxalic acid per colony (Bacandritsos et al. 2007) . Similar effects are known from bees treated with formic acid. Due to the fact that the animals did not recover from their immobility, permanent neurotoxic damage was assumed (Bolli et al. 1993) . Concerning OA treatment comparable damage may have caused the decreased tasks performance in the colony, including nursing.
The increased self-grooming of the treated workers could be caused by the detected residues of OA on bee surface. While drying, OA forms crystals which can be found on the animals' abdomen (Aliano et al. 2006 ). In our observations, treated bees often stroked over the abdomen with their hind legs. Residues of OA could explain the increased grooming at least for the first days of observation. The increased selfgrooming during the whole observation period could also be a symptom of poisoning. Those symptoms were observed for other toxic substances, i.e. permethrin (Cox and Wilson 1984) .
It is known that a treatment with OA can cause permanent lesions in digestive and excretory organs (Martin-Hernandez et al. 2007 ). Gregorc and Smodis Skerl (2007) detected necrotic cell death in 69% of bee midgut cells 24 h after an oral treatment with 3% OA (dosage 600 μg/bee). Tissue distribution of the acid was detected in bees that received a dermal application (dosage 1,320 μg/bee), so it was assumed that some of the acid is ingested by the bee (Martin-Hernandez et al. 2007) . The dosages used in these experiments were higher than the dosage of 175 μg/bee used in the present study. However, a damage of the digestive and excretory organs of the test bees in the experiment cannot be excluded. This could have caused an insufficient resorption of nutriments through the epithelium of the gut resulting in a weakening of the bees. This assumption is supported by the results from harnessed honeybees. In this paradigm, the OA-treated bees show a significantly different behavioural performance in the acquisition phase and the memory test than the control bees. Although the behavioural performance of the control bees is rather low, compared with other studies (Stollhoff and Eisenhardt 2009; Felsenberg et al. 2011) , this demonstrates a facilitating effect of OA on the conditioned response. In contrast to the sublethal effects of It has been demonstrated before that the level of satiation is critical for acquisition and memory formation (Friedrich et al. 2004 ). In addition, there were similar results with hunger stressed bees after infection with Nosema (Mayack and Naug 2009). Also bees infected with other diseases like Deformed Wing Virus, showed an increased learning performance (Iqbal and Mueller 2007) . However, whether the treatment with OA actually has an effect on the ingestion of food and therefore causes hunger and thus a motivational difference remains to be shown.
OA treatment affects the general condition of bee colonies: the workers' performance is restrained due to the changes in behaviour, the decreased nursing of brood can lead to a lack of healthy and vital workers and the decreased lifespan could modify demographic alterations in colony age structure. Under the suggestion, that the treatment will cause damage of the digestive organs, such bees would be weaker and less vital. This could influence the general state of health of whole colonies.
In colony treatment, OA is applied during November/December when brood is absent and the in-hive tasks performance and foraging are reduced. However, due to its stable residues, OA remains in the colony for longer periods and is expected to be found in springtime (Moosbeckhofer 2001 personal communication) . So the sublethal effects of OA on the behaviour and lifespan of the individual honeybee, documented in this study, can also be supposed in the colony situation.
Regardless to the findings of this study, the advantages of OA as a treatment against the mite V. destructor still outweigh the possible negative consequences to the honeybee colony and it should remain as one of the main varroacides.
